ABSTRACT Using a grid-based staggered-mesh hydrodynamics code, we present the evolution of initially Newtonian equilibrium configurations of symmetric binary neutron star systems under the influence of a postNewtonian gravitational radiation reaction potential. These simulations indicate that the time to merger for binaries with separations on the order of a few stellar radii is between 1 2 and 1 Keplerian period of the initial configuration. These results are in contrast to the larger timescales calculated from earlier smoothed particle hydrodynamics calculations that include quadrupolar-type radiation reaction forces. The implications of our studies are discussed in the context of observable effects on the gravitational waveforms expected to be observed by ground-based gravity-wave detectors such as the Laser Interferometer Gravitational-Wave Observatory and the restrictions placed on the choice of initial data for fully relativistic calculations.
INTRODUCTION
Binary neutron star (NS) systems present unique astrophysical environments for the study of relativistic astrophysics, gravitational-wave astronomy, and nuclear astrophysics. Einstein's theory of relativity predicts that binary systems composed of compact objects, such as NSs, will emit energy in the form of gravitational radiation. It is this radiated loss of energy and angular momentum that leads to the in-spiral and eventual coalescence of the system. The emitted radiation may be observed as gravitational waves, and it is the in-spiral waveforms of such systems that gravitational-wave detectors such as the Laser Interferometer Gravitational-Wave Observatory (LIGO; Abramovici et al. 1992 ) are expected to detect. There are many potential sources of gravitational waves, both Galactic and extragalactic, but the limited range of frequencies of ground-based gravitational-wave detectors makes in-spiraling compact binaries the source of gravitational waves most likely to be observed with high accuracy (Thorne 1995) . Post-Newtonian (PN) methods are adequate for the prediction of waveforms for the early stage of the in-spiral, but the prediction of waveforms in the later stages of the merger, when tidal effects and NS structure become important, require the use of numerical simulations in three spatial dimensions. In addition, it has been suggested (Lattimer et al. 1977 ) that the material ejected in compact binary mergers may be the source of the Galactic r-process, since bombardment of nuclei by free neutrons is expected to occur in the spiral arms formed during the late coalescence period. NS mergers are a suggested source (Paczyń ski 1986; Goodman 1986 ) for the mysterious gamma-ray bursts that have been observed since the 1960s. Simulations of NS mergers can test the consistency of the merger energetics and timescales with the estimated burst energies and observed timescales.
The generation of ground-based gravitational-wave detectors expected to be operational within the next decade will most likely observe the merger of several extragalactic compact binary systems per year (Phinney 1991) . Extracting gravitational waveforms from the raw detector output requires the use of template matching with analytic waveforms. The templates to be compared with the detector output will be calculated using the PN expansion of Einstein's equations (see Nordtvedt 1994; , and references therein). When a physical signal is found within the noise, the parameters of the template can be assumed to be those of the source binary system. Beyond the bulk parameters of the system, such as the stellar masses and spins, information about the equation of state (EOS) of dense matter can be derived from observed merger waveforms.
There is an expectation that ground-based detectors such as LIGO (Abramovici et al. 1992) can be reconfigured as narrowband detectors (as '' dual recycled interferometers ' '; Meers 1988) in the frequency range f e1000 Hz. With an increased signal-to-noise ratio in this range, it is possible that the waveforms produced during the phase immediately prior to the merger of compact binaries can be extracted from the detector output. Beyond the purely academic interest in the subject, it is for the aforementioned reason that fully numerical studies of merging binary NS star systems have been undertaken in the last decade. We introduce the results of these studies in x 1.1.
At present, limitations of computing resources allow fully numerical simulations of merging compact binary systems to describe only the late in-spiral period beginning when the binary separation is a few times the radii of the constituent objects. Our calculations involve applying relativistic radiation reaction corrections to a self-gravitating Newtonian hydrodynamics technique (Swesty, Wang, & Calder 2000, hereafter Paper I) , following, in part, the formulation due to Blanchet, Damour, & Schäfer (1990, hereafter BDS90) .
Some of the earliest purely Newtonian hydrodynamical studies were paralleled with an analytic analysis of the stability of close binary systems containing NSs (Lai, Rasio, & Shapiro 1993a , 1993b , 1993c , 1994a , 1994b , 1994c . From this analysis arose the understanding that close, symmetric binary systems are dynamically unstable for binary separations on the order of $3 times the radii of the NSs in isolation, R * , when the EOS is moderately stiff (e1:5). Additional work by others confirmed this result (e.g., Paper I, and references therein) and found that simulations that include some sort of gravitational radiation reaction show that the tidally unstable regime has a different rate of emission of gravitational waves when compared to that of configurations at larger binary separations. In a later section we compare these two epochs of radiation emission from our simulations.
Studies that include radiation reaction effects find two very different timescales for the merger. Using radiation reaction forces due to the point-particle quadrupole formula, Zhuge, Centrella, & McMillan (1994 and Davies et al. (1994) found mergers to occur on the order of several Keplerian orbital periods of the initial configuration of study, while others (Ruffert, Janka, & Schäfer 1996; Faber & Rasio 2000; Faber, Rasio, & Manor 2001) have found a much shorter timescale for the merger. We describe this and other work in the following section. For the purposes of this paper, we refer to close binaries as those whose binary separations are on the order of 2-6 times the radii of the individual component stars. The implications for the results from these studies are multifold. While these studies do not indicate at what binary separation the in-spiral rate begins to noticeably deviate from the rate the quadrupole formula predicts, this transition point may in fact be at much larger separations than previously predicted. This may imply that the frequency sweep or '' chirp '' df =dt, used to construct the analytic waveform templates for detectors such as LIGO, may require several PN orders beyond Newtonian. It is this a priori information that is required to construct the analytic waveforms with which matched filtering can be used to extract waveforms from noise-filled detector data (Thorne 1997; Finn 1998) . The resolution of the merger timescale also has implications for future fully relativistic calculations. A shorter timescale to merger would imply that the required evolution for producing waveforms over multiple premerger orbits would necessitate evolving initial data with a binary separation of several tens of stellar radii. The evolution of such widely spaced initial configurations is most likely beyond the current computational resources.
Status of Contemporary Work on Modeling Coalescing Neutron Star Systems
Most of the simulations of coalescing systems of NSs performed to date have been performed with Newtonian hydrodynamics codes that incorporate sources approximating relativistic radiation reaction effects. These simulations typically make use of either Eulerian, grid-based methods (see Bowers & Wilson 1991 , and references therein) or smoothed particle hydrodynamics (SPH) methods (Gingold & Monaghan 1977; Hernquist & Katz 1989) that are inherently Lagrangian. Considerable work has gone into the modeling of purely Newtonian systems of NSs because only after the development of accurate Newtonian models can models incorporating relativistic effects be reasonably considered. Such simulations have been performed in both laboratory and noninertial rotating frames. These simulations have also utilized a range of techniques for calculating the gravitational potential. In addition, considerable attention has been paid to the development of equilibrium initial conditions and the effect of the choice of initial conditions, i.e., spherical star versus equilibrium binary configurations. A discussion can be found in New & Tohline (1997) and Paper I about the effects of numerical artifacts on Newtonian simulations and the nonphysical results that may be obtained. Simulations that include relativistic corrections may be inaccurate should the methods in the Newtonian limit produce a nonphysical evolution, such as an inability to maintain stable Newtonian orbits.
The pioneering Eulerian models of coalescing NS systems with relativistic corrections beyond Newtonian theory were performed by Nakamura, Oohara, and Shibata (Oohara & Nakamura 1990 , 1992 Nakamura & Oohara 1991; Shibata, Nakamura, & Oohara 1993 ; see also Shibata, Baumgarte, & Shapiro 1998 ). This work was built on earlier studies of their purely Newtonian NS systems . The simulations in these studies were performed with equilibrium initial conditions in both rotating and inertial reference frames. The Eulerian hydrodynamics method employed by the Oohara/ Nakamura/Shibata calculations utilizes LeBlanc's method for transport, making use of a tensor artificial viscosity. A fast Fourier transform (FFT) solution to Poisson's equation was dynamically evaluated to provide the Newtonian potential. Radiation reaction effects were included using the formalism of BDS90. PN radiation reaction corrections up to mass-quadrupole 2.5PN order were included in the evolution equations and in the calculation of the gravitational waveforms. Initial conditions including varying stellar masses, binary separations, and spins were considered. The most recent studies included 1PN corrections. Their principle conclusion is that the radiation reaction formalism used does not make a significant difference in the results for the coalescence of a binary NS system (Oohara & Nakamura 1990). Ruffert et al. (1996 and Ruffert, Rampp, & Janka (1997) performed PN simulations of NS mergers with the PROMETHEUS code (Fryxell, Mü ller, & Arnett 1989) , implementing the piecewise parabolic method (PPM) of Colella & Woodward (1984) . The PPM is an extension of Godunov's method that solves the Riemann problem locally for the flow between zone interfaces, and accordingly, it is well suited to addressing shocks. The calculation of the gravitational potential was accomplished by means of the direct solution of Poisson's equation using FFTs with zero-padding boundary conditions (Hockney & Eastwood 1988) . The initial conditions of the simulations were spherical NSs in both tidally locked and rotating configurations. The stars were embedded in an atmosphere of 10 9 g cm À3 that covered the entire grid, and an artificial smoothing was performed on the surfaces of the stars to soften the edges. The earlier models considered configurations with the realistic EOS of Lattimer & Swesty (1991) , while later studies considered models with a much simpler polytropic EOS . As with the work of Nakamura, Oohara, and Shibata, mass-quadrupole radiation reaction effects at 2.5PN order were included using the formulation of BDS90. Their typical initial configurations had stellar masses of 1.63 M and a binary separation of 2.8R * , where R Ã ' 15 km. Some simulations used initial data with spinning, spherical stars. Quadrupolar gravitational waveforms and luminosity were produced for mergers of various initial configurations with binary separations on the edge of the tidal instability limit. Of note, their time to merger for the tidally locked 2.8R * case is 0.577T Kepler , where T Kepler is the Keplerian orbital period. Centrella & McMillan (1993) performed Newtonian simulations of nonaxisymmetric collisions of equal-mass NSs with SPH. This effort was followed by calculations of Newtonian NS mergers by Zhuge et al. (1994 Zhuge et al. ( , 1996 . This work employed the TREESPH implementation of SPH developed by Hernquist & Katz (1989) , in which the gravitational forces are calculated via the hierarchical tree method of Barnes & Hut (1986) . The calculations employed a polytropic EOS with ¼ 5=3 and 2. These calculations were carried out in the laboratory frame, and the initial data consisted of spherical stars in both the nonrotating and rotating cases. The work was aimed at studying the gravitational radiation emission from NS mergers and addressed effects due to the EOS, spins, and mass ratio of the stars on the gravitational-wave energy spectrum. Prior to the stars coming into contact, the coalescence in these calculations was driven by a quadrupolar-type frictional force term added to the evolution equations that approximated the effects of gravitational radiation. In particular, the merger of a tidally locked, nonequilibrium 4.0R * initial configuration required $3.66T Kepler . Davies et al. (1994) performed the initial SPH simulations of NS mergers with a focus on the nuclear astrophysical and thermodynamic effects of the coalescence. The SPH code used for these calculations was described in earlier work on stellar collisions (Benz & Hills 1987) , and it makes use of a tree algorithm for calculating gravitational forces. The calculations were carried out in the inertial frame. The nonequilibrium initial data for the NSs were modeled as equalmass 1.4 M , ¼ 2:4 polytropes, but a more realistic EOS was employed for the dynamical calculation. The driving force behind the coalescence, applied only prior to the stars coming into contact, was a frictional force model of gravitational radiation similar to that of the Drexel group. The rates of energy and angular momentum loss were determined by applying the quadrupole approximation to the equivalent binary system of point masses, and the resulting acceleration of each SPH particle was determined by expressions derived from these rates. Subsequent calculations by Rosswog et al. (1999 Rosswog et al. ( , 2000 and Freiburghaus, Rosswog, & Thielemann (1999) have focused on r-process nucleosynthesis asymmetries and mass ejection. A tidally locked 5R * initial configuration with spherical stars requires 6.24T Kepler to merge. Ayal et al. (2001) have applied a PN extension (1PN + 2.5PN radiation reaction) of the SPH algorithm to NS mergers to study the dynamics and gravitational-wave emission. What is termed as run N3 would appear to be the most similar configuration to those we have studied. The time to merger for that configuration, as best as we can estimate from their results, is $3.1T Kepler .
Faber & Rasio (2000) implemented a similar PN extension of SPH but used FFT methods to calculate the elliptic solutions required for the gravitational potentials. The Newtonian SPH code is described in Rasio & Shapiro (1991 , 1992 , and the results of earlier Newtonian studies can be found in Rasio & Shapiro (1992 , 1994 , 1995 . The focus of Faber and Rasio's work was to compare the difference between mergers in the Newtonian and PN regimes. Of note, they illustrate the time to merger via the time evolution of the binary separation of their initially 4R * , 1PN and 2.5PN configuration ( ¼ 3 polytropes) to be $0.588T Kepler . A slightly larger time to merger was found for their Newtonian + 2.5PN simulation. Subsequent work investigates the dependence on binary mass ratio, equation of state, and spin dependence (Faber et al. 2001) . Rasio & Shapiro (1992) indicate that for Newtonian systems with binary separations of ae4:0R Ã , equilibrium initial configurations and configurations composed of spherical stars display the same dynamical behavior. In our efforts, we observed a similar behavior (Paper I). Accordingly, the choice of initial conditions of the aforementioned simulations with a radiation reaction, SPH or grid-based, are not likely to be the source of the reported differences in the time to merger, indicating that the differences are due to differences in the treatment of gravitational-wave radiation effects.
METHODOLOGY
In this section we describe our numerical method and initial models. We present the equations evolved in our simulations, the expressions for the radiation reaction potential, and the expressions for the calculated gravitational waveforms and describe some of the motivation for the choices we made. We also briefly discuss our initial conditions and additional details of our method. Complete details of the Newtonian hydrodynamics method, our method for generating equilibrium initial conditions, and the results of our purely Newtonian studies can be found in Paper I.
Eulerian Hydrodynamics with a Radiation Reaction
We assume that the dense matter can be described as a compressible fluid. The equations describing compressible, inviscid hydrodynamics in a reference frame rotating at x are
where r is the position, is the density, v is the velocity of the fluid, e is the specific internal energy, and P is the pressure. The quantity Q is an artificial viscous stress incorporated to model the subresolution microphysics occurring across shock fronts. The potential È is the Newtonian gravitational potential, and is the gravitational radiation reaction potential (described below). The equations are discretized onto a staggered Eulerian mesh by a method similar to that employed in the ZEUS codes (Stone & Norman 1992) . The set of equations is closed by an equation of state, which for this work is that of an ideal gas,
where E ¼ e is the energy density and is the adiabatic index. Equations (1)- (3) are solved in two steps, an advection update and a source update. The advection step makes
use of second-order van Leer monotonic advection (van Leer 1977) with Norman's consistent advection method (Norman 1980) to evolve the left-hand sides of equations (1)-(3). The source update calculates the sources and sinks of the right-hand side of equations (2) 
provides the gravitational potential È.
We include a back reaction on the fluid due to gravitational radiation emission via a radiation reaction potential similar to what is derived consistently at 2.5PN order by BDS90. In our numerical code, we omit 1PN corrections and use the approximation that the kinematic and dynamical velocities are effectively equivalent. That is,
which also implies that the kinematic and dynamical momenta are considered equivalent:
In our test studies, it was found that the corrections to the dynamical velocities due to the 2.5PN potential were less than $1% per time step. In addition, the process of converting between the kinematic momenta and the dynamical velocity would require averaging the density to the cell faces. This averaging could introduce numerical viscosity and drive nonphysical evolution. It is for these reasons we have only implemented a portion of the 2.5PN corrections specified by BDS90. The potential is constructed as
where
and where I is the symmetric, trace-free mass quadrupole tensor
(see Finn & Evans 1990; Oohara & Nakamura 1992; Ruffert et al. 1996) . As stated before, we have excluded 1PN corrections and have approximated the momenta such that our equations are only partially to 2.5PN order, as specified by BDS90.
Waveforms and Gravitational-Wave Luminosity
Due to the nature of gravitational waves, there are two independent polarization states that can be measured, Â and +. As gravitational radiation is transverse in nature, we construct the two waveforms in the transverse-traceless gauge (Misner, Thorne, & Wheeler 1973) , via
and r, h, and are the standard coordinates of a spherical coordinate system. Here we assume that the origin of these spherical coordinates and the origin of the evolved Cartesian domain are colocated. The positive z-direction of the evolution domain is chosen to be ¼ 0 in spherical coordinates. All waveforms shown are calculated for observers along the z-axis of the binary system. Using the expressions due to Finn & Evans (1990; see also Rasio & Shapiro 1992) , the terms for the second time derivative of I ij are constructed via
In the literature, the gravitational-wave luminosity (GWL) is typically calculated from the quadrupole formula:
This luminosity is the instantaneous GWL and not the typical time-averaged expression (Misner et al. 1973; Shapiro & Teukolsky 1983) . The third time derivative is dynamically calculated using an explicit time derivative of the second time derivative terms, which are known without temporal differencing because of the usage of the evolved fluid quantities and the Newtonian potential. Another expression found in Ruffert et al. (1996) is used to construct the locally emitted GWL:
In our approximation, however, the expression in equation (22) reduces to
We arrive at this expression because of the fact that in our evolution equations (x 2.1), the only terms included at the order of G=c 5 are those containing and its gradients. To find the instantaneous power in gravitational waves emitted by the system, we integrate equation (23) over the entire evolved domain:
This expression is consistent with the '' sink '' of energy and momentum from our evolution equations due to the gravitational radiation reaction.
Initial Conditions and Additional Method Details
Our choice of initial conditions and other method details for the Newtonian + 2.5PN simulations presented below was based on the results of our purely Newtonian study (Paper I). In that work we found that equilibrium initial conditions increased the stability of Newtonian simulations, particularly at radii of separations at or slightly below 3 times the radius of an unperturbed star. We developed a method for generating equilibrium configurations of polytropic stars that involved a method of solving the Poisson problem, including the determination of consistent boundary conditions, for isolated self-gravitating systems without having to resort to multipole expansions of the mass distribution. Iterating this Poisson solution with the solution of the hydrostatic Bernoulli equation produces initial data that is consistent with the hydrodynamic grid. The simulations presented below began with equilibrium initial conditions describing a symmetric binary system composed of two 1.4 M , ¼ 2 polytropes. Our numerical method requires that material be on all of the grid; therefore, we included a hot, low-density (%1 g cm À3 ) atmosphere as a background. The high temperature of the atmosphere provides the material enough energy to avoid falling onto the surface of the star and forming a shock, which would require unacceptably small time steps to evolve. We find that low-density atmospheres (1-10 g cm À3 ) add insignificant quantities of mass to the system. As these are purely Newtonian models, we do not include an initial radial infall velocity to the stars.
In the earlier study, we found that the time ordering of the advection and source steps of the hydrodynamics equations (the left-and right-hand sides of eqs.
[2] and [3]) had a significant effect on the simulation dynamics. The specific choice of matter source for the Poisson solution, in effect how the coupling of the gravity and the hydrodynamics was performed, resulted in distinctly different evolutions. We also found that the choice of reference frame, inertial or initially corotating, also had a significant effect. We found that using a combination of a rotating frame of reference and a time-advanced gravitational acceleration centering in the gas momentum equation yielded strong conservative properties in angular momentum and energy in orbiting and merging binary problems. In contrast, we found that the use of an inertial laboratory frame together with other gravitational couplings yielded nonconservative evolution. Inertial-frame simulations had a substantial angular momentum loss that led to spurious rates of in-spiral of what should be stable Newtonian binary systems. To avoid these spurious results, the Newtonian + 2.5PN radiation reaction simulations presented below were performed with time-advanced gravity and in a reference frame rotating with the frequency of the initial binary configuration. In Paper I, we evolved several Newtonian systems outside of the tidal instability limit that produced results, namely, evolutions for many stable orbits, that were consistent with our understanding of Newtonian physics. In the case of simulations including 2.5PN radiation reaction forces, however, there are no simple models incorporating objects of finite size that can provide an intuitive prediction or serve for comparison.
In addition, the simulations presented here made use of a Courant factor of 0.4 and had 129 grid points along each axis and a spatial resolution of %0.5 km per zone. These simulations made use of an FFT method to solve equation (5). Because of the elliptic nature of Poisson's equation, the boundaries on the Newtonian potential must be specified prior to the usage of an FFT. Multipole expansions and direct summations over density to get the potential on the boundary are computationally expensive, so the calculation is performed over a coarser grid with the contributions of zones containing less than 10 À5 M neglected. This method works well for '' clumpy '' mass distributions (e.g., two stars) and was tested against an entire grid summation.
DYNAMICAL STUDIES OF NEWTONIAN + 2.5 POST-NEWTONIAN MODELS
The point-particle quadrupole approximation has frequently been used as a means of estimating the in-spiral time for compact binary systems. It has been expected that strong-field gravity and finite size effects would begin to alter the orbital dynamics from what was expected due to equation (9) once the binary separation had decreased to several times the stellar radii of the constituent objects. For comparison with our Newtonian hydrodynamics + 2.5PN results, we include in the left panel of Figure 1 the evolution of the binary separation for symmetric point-mass binary systems of 1.4 M stars under the influence of the quadrupole formula in equation (21). We note that the time to inspiral of the hydrodynamical simulations with the included radiation reaction potential is significantly smaller than the corresponding result for the point-mass quadrupole case.
In the right panel of Figure 1 , we indicate the predicted times to merger for two 1.4 M NSs with initial binary separations of (3.0-5.0)R * as calculated from our simulations. We do not display the binary separation from the simulation below a value of 15 km, as the stars have merged, rendering further calculations of this measure meaningless.
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Note that the times to merger are similar to ð0:5 1:0ÞT Kepler .
We estimate the point of merger to occur when the binary separation decreases to below $2R * , or about 20 km. Comparing the two panels, we find that with PN radiation reaction corrections, the time to merger is much more rapid than what the quadrupole approximation estimates for close binaries. It should be stated that for the initial configurations we use, we do not include a radial inward velocity. Such a configuration would more accurately describe the state of an in-spiraling compact binary. Note that only two other studies have indicated that the times to merger for close binaries are similarly short. Ruffert et al. (1996) evolve an initially synchronized or tidally locked 2.8R * binary configuration with a merger occurring in 0.577T Kepler . Faber & Rasio (2000) evolve their PN 4.0R * configuration to merger within $0.588T Kepler . Both these studies have included 2.5PN radiation reaction forces consistent with BDS90, with the work of Faber and Rasio including 1PN terms in addition to the 2.5PN terms.
Other studies have used a quadrupolar-type radiation reaction force on SPH particles to drive the system to merger, and these studies found longer times to merger. Zhuge et al. (1994) evolved a 4.0R * initial configuration with spherical stars to merger in $3.66T Kepler . Davies et al. (1994) evolved their tidally locked, 5.0R * initial configuration with spherical stars to merger in 6.24T Kepler . The study by Ayal et al. (2001) found a time to merger for their PN 3.8R * configuration to be $3.1T Kepler . This time to merger is comparable to the results from the studies using quadrupolar-type radiation reaction forces, but the radiation reaction formalism the group implemented was the 1PN + 2.5PN radiation reaction of BDS90 rather than a quadrupolar type.
In Figure 2 we display the GWL as calculated with the quadrupole formula (eq. [21]) on the left, and on the right we display the GWL due to the radiation reaction potential (eq. [24]) for the various binary separations of our simulations. These results were obtained from purely Newtonian evolutions of the initial conditions with equations (21) and (24) calculated as diagnostics only and not included in the evolution equations. These values give an estimate of what the power radiated in gravitational waves would be using these two measures of GWL. A fit to the quadrupolar GWL produced a $1=a 6:3 dependence for the quadrupolar GWL, while a fit to the radiation reaction GWL found a $1=a 2:3 profile for the GWL. These fits demonstrate the significant difference in the measure of the power radiated in gravitation waves between the two methods of calculating the luminosity. It is for this reason that we recommend the usage of a luminosity measure consistent with the effect of the radiation reaction source in the evolution equations on the fluid. For close binaries where finite size effects are nonnegligible, the dependence on binary separation is not as simply defined as for point particles.
In Figures 3-10 , we illustrate the evolution of our Newtonian 4.0R * initial configuration with our radiation reaction. We use the results of this merger for a canonical discussion of the characteristics of the evolutions we have performed. The time evolution of the binary separation is illustrated in Figure 3 . The two measures illustrated are binary separations calculated from a dynamical mask (solid line) that tracks the two stars as they evolve within the evolved domain and the separation calculated from the distance between the maximum density zones (dashed line). The merger occurs within $1.4 ms or 0.52T Kepler . Note that the time at which the domain of the tidal instability sets in is $1.1 ms. As in Figure 1 , we do not display the binary separation from the simulation below a value of 15 km.
The mass at or above varying density thresholds is displayed in Figure 4 as a function of time. The density thresholds used are, from bottom to top in Figures 4 and 5, 1 Â 10 15 , 2:5 Â 10 14 , 5 Â 10 13 , 5 Â 10 12 g cm À3 , and all of the material on the entire evolution domain. The final coalesced object is less compact than the initial stars, as $20% of the total mass that is initially at densities greater than 1 Â 10 15 g cm À3 has evolved to lower density material. The total mass ejected from the grid is approximately 0.04 M . Note that the postmerger object continues to decompress over the remainder of the evolution, as would be indicated by the decreasing value of mass at or above 1 Â 10 15 g cm À3 (bot- tom curve). For a similar range of initial separations, we are observing mass ejections from our evolved domain that are consistent with those of Rosswog et al. (1999) .
As is indicated by Figure 5 , the amount of angular momentum liberated during the merger is substantial. The total is 2:05 Â 10 49 erg s. The radiation reaction is the only mechanism of angular momentum removal prior to entry into the tidally unstable domain of binary separation, d3.0R * . Once within this region, tidal arms form that may liberate a small quantity of highly kinetic matter from the system. We have not calculated the energetics of material leaving our simulation grid, so we cannot estimate what portion of this material is unbound. Note that there are two distinct periods of radiation emission during the in-spiral, that prior to crossing the instability limit and that inside the instability limit to the point of merger. The different slopes in the angular momentum curves from t ¼ 0 to 1.1 ms and from t ¼ 1:1 to 1.4 ms indicate this difference. In addition, the postmerger evolution shows a continued loss of angular momentum from the system. Figure 6 indicates the energies of the system. From top to bottom are displayed the internal energy, the kinetic energy, Fig. 2. -Gravitational-wave luminosity vs. binary separation for the point-mass quadrupole approximation (left) and the Newtonian hydrodynamics + radiation reaction (right). Note that the luminosity scales are different on the two plots. 
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BINARY NEUTRON STAR SYSTEM MERGERS. II.the total energy, and the gravitational potential energy. The total energy contains the Newtonian energies of the system but does not include, however, the energy radiated in gravitational waves as estimated by the time integration of equation (24). Concurrent with the observation of decompression of the postmerger object discussed earlier, we again find evidence of decompression in the increasing gravitational potential energy after the merger. In Figure 7 , we sum the total Newtonian energy with that radiated as gravitational waves. A total of 7:02 Â 10 52 ergs is radiated from the system during the 10 ms of evolution. This figure indicates that the numerical formalism we have employed was able to conserve energy to within 0.73% for the first 5 ms of this simulation. We note, however, that there is a slight spurious increase in the total energy with time. For the entire 10 ms, however, we conserve energy to within 4%. We note that the amount of total energy gained during the 10 ms of evolution amounted to 55% of the energy radiated in the form of gravitational waves. The majority of the energy from gravitational waves was radiated during the initial 2 ms of the simulation, during which time the total Newtonian showed a corresponding decrease, however, indicating that the spurious increase is not due to the radiated energy.
To illustrate the rapid rate of merger, the trajectories of the centers of mass of the in-spiraling stars are displayed in Figure 8 . As with Figure 1 , the trajectories show the evolution only up to the point of merger. The system reaches a binary separation of d20 km after 1.4 ms of evolution have elapsed. Note that the figure indicates that the stars merged together in less than one orbit. Also displayed in the figure is the trajectory of the center of mass of the whole system for the entire 10 ms evolution. Because of the symmetry of the system, the center of mass should stay fixed during the course of the simulation. The slight deviation from a fixed point indicates a spurious asymmetry in the radiation reaction force.
Traditionally, the quadrupole formula has been used to estimate the amount of radiation emitted from a coalescing, compact binary system. In addition, other studies have used the quadrupole formula as a diagnostic tool to estimate the GWL. We display in Figure 9 the instantaneous GWL using the quadrupole formula (eq. [21]; solid line) and due to the radiation reaction potential (eq.
[24]; dashed line). It is dur- ing the in-spiral phase prior to entering the region of the Newtonian tidal instability limit that the two measures appear most disparate, with the radiation reaction result nearly a factor of 5 larger than the quadrupole result. Once the merger has occurred, the two measures are quite similar in magnitude. At the point of merger, a large '' burstlike '' luminosity in gravitational waves is observed as the peak in L GW . Note that the second peak in the luminosity, approximately 0.4 ms after the merger, is estimated by the radiation reaction to be lower in magnitude than what would be predicted by the quadrupole formula. The magnitude of our second peak relative to the first peak, d30% as measured by the quadrupole formula, is similar to that quoted by Zhuge et al. (1994) and Ruffert et al. (1996) . Faber & Rasio (2000) , however, also using a PN radiation reaction, have indicated that the second peak in luminosity is $65% that of the first peak of their PN run. Ruffert et al. (1996) first indicated these two measures of GWL, when considering equations (23) and (24) at full 2.5PN order and equation (21), to be equivalent. We have found that this statement is not substantiated by our numerical calculations. Faber & Rasio (2000) have indicated their agreement to this statement and produced only GWLs consistent with the quadrupole formula.
The two polarization states of the gravitational-wave strain, h Â and h + , were calculated, but for simplicity we display only h Â in Figure 10 . There appears to be complex, quasi-periodic structure within the waveforms after the merger occurs. Approximately three postmerger orbits are required for the waveforms to fall by a factor of 10 in amplitude. Faber & Rasio (2000) displayed waveforms with similar postmerger structure for their Newtonian + 1PN and 2.5PN, ¼ 3 model.
SUMMARY AND CONCLUSIONS
In this paper we presented the results of a study of the evolution of symmetric binary neutron star systems under the influence of a post-Newtonian gravitational radiation reaction potential. We presented comparisons between methods of approximating the effects of gravitational-wave radiation on the dynamics, and we presented the details of a simulation of a coalescing pair of neutron stars under the influence of a post-Newtonian gravitational radiation reaction. In the simulation, the stars were modeled as 1.4 M , ¼ 2 polytropes initially in a Newtonian equilibrium con- figuration with a binary separation of 4 times the radius of an unperturbed star. The simulation showed the in-spiral occurring within about one-half of the Keplerian period of the initial configuration. We found that the total angular momentum liberated during the simulation was 2:05 Â 10 49 erg s. This total includes contributions from angular momentum radiated in the form of gravitational waves as well as the angular momentum of NS material ejected from the grid. We found that mass ejected during the simulation (0.04 M ) was only 1.4% of the total mass, which indicates that the majority of the angular momentum liberated was in the gravitational radiation. We found that the total energy produced in the form of gravitational radiation was 7:02 Â 10 52 ergs. The simulation conserved total energy (Newtonian and gravitational radiation) to within 4% during the evolution. The fundamental result of our work is that we show a rapid in-spiral of close, symmetric binary neutron star systems. The timescales to merger with our approximation to the 2.5PN radiation reaction potential of BDS90 are shorter than those reported by Zhuge et al. (1994 Zhuge et al. ( , 1996 , Davies et al. (1994) , and Ayal et al. (2001) . Our merger timescales are more consistent with those of Ruffert et al. (1996 and Faber & Rasio (2000) , who have found timescales to merger on the order of less than 1 Keplerian period of the initial configuration.
For future fully relativistic calculations, our results indicate that waveforms for multiple-orbit evolution prior to merger would require initial conditions with a binary separation of several tens of stellar radii. While initial data for such simulations would not be impossible to produce, comparatively, the required computational resources needed to evolve such configurations through the postcoalescence phase might not be available for some time. Conversely, evolutions of initially close binaries may require short enough timescales for which modern numerical relativity formalisms are stable.
In addition, we found two distinct regimes of gravitational radiation production during the in-spiral and coalescence of a binary system. The first regime is associated with the in-spiral prior to the onset of the tidal instability, and the second with the evolution from the instability through the merger. These regimes can be identified by the differing rates of change of angular momentum (Fig. 5 ) and gravitational-wave luminosity (Fig. 9) during the premerger evolution.
Finally, there are two separate measures of gravitationalwave luminosity, one due to the slow motion quadrupole approximation (eq. [21] ) and the other due to the radiation reaction source we implemented (eq. [24]). We found that these measures are not consistent, particularly during the period of in-spiral outside of the tidal instability limit.
